A linear response time-dependent density functional theory is described and used to calculate the dynamic polarizabilities and van der Waals C 6 coefficients of complex atom pairs. We present values of C 6 for dimers of main group atoms and the first row of transition metal atoms.
I. INTRODUCTION
The long range interactions between pairs of atoms play a critical role in the determination of the elastic and inelastic scattering cross sections in gases at low temperatures that control trap loss in buffer gas loading experiments. [1] [2] [3] [4] Atoms of considerable complexity are candidates for trapping. We describe here an efficient method based on time-dependent density functional theory ͑TDDFT͒ with which reliable values of the long range coefficients can be calculated and we present values of the leading coefficient C 6 for an extensive array of atom pairs.
TDDFT 5 has been employed to determine excitation energies, dynamic multipole polarizabilities, van der Waals dispersion coefficients, and photo absorption cross sections. Zangwill and Soven 6 described a formalism that involves the self-consistent field to calculate the polarizabilities and absorption cross sections of rare gas atoms. They used adiabatic the local density approximation ͑ALDA͒. The nonadiabatic effect is expected to be small. 7 Dispersion coefficients can be obtained as integrals of polarizabilities of interacting atoms or molecules at imaginary frequencies. More elaborate exchange-correlation ͑xc͒ potentials can be used to improve the accuracy and to calculate dynamic polarizabilities and dispersion coefficients of mostly closed-shell systems. 8 Dispersion energies without multiple expansions have been calculated for several closed shell systems using SAPT-dft approach with various xc potentials, 9, 10 and the dispersion energies for the inert gas dimers are obtained to within an error of 3%.
In this paper we formulate a linear response TDDFT for open shell as well as closed shell systems, which yields an accuracy comparable to the best that has claimed for rare gas atoms with TDDFT. We use it to calculate dynamic dipole polarizabilities from which we obtain the van der Waals coefficients for a range of atoms including the transition metals. To ensure the accuracy we need a reliable description of the linear response function and of the induced selfconsistent field, which adequately accounts for the manyelectron interactions, which may be achieved by an improved exchange-correlation functional. The local spin-density approximation ͑LSDA͒ and the general gradient approximation ͑GGA͒ contain a spurious self-interaction energy, which produces an incorrect long range behavior in the potential and the orbital energies obtained from LSDA and GGA are usually much too small. Optimized effective potentials with exact exchange have shown to give reliable excitation energies. 11, 12 This scheme incorporates the exact ͑HF͒ exchange, which scales as the square of the number of the occupied orbitals. Alternatively we make the effective potential a local potential that is equivalent to a LDA or GGA xc potential with an explicit self-interaction correction term, which scales linearly with the number of occupied orbitals. Such a scheme has the advantage of faster computation. It is easier to include correlation terms and it yields accurate orbital energies and wave functions.
13

II. LINEAR RESPONSE OPTIMIZED EFFECTIVE POTENTIAL METHOD WITH THE SELF-INTERACTION CORRECTION
We express the total N-electron wave function as a single determinant
where i is the atomic spin-orbital wave function of the ith electron. The total number of electrons is the sum of the spin-up, ␣, and spin-down, ␤, electrons, 
being the spin index. The corresponding total electronic density at time t is given as a function of position r by ͑r,t ͒ϭ ͚ ͚ iϭ1 N i ͑ r,t ͒ϭ ␣ ͑ r,t ͒ϩ ␤ ͑ r,t ͒ ͑3͒
The spin orbitals satisfy the single-electron Schrödinger-like equation
where V sic, OEP (r,t) is the time-dependent optimized effective potential with the self-interaction correction. 14, 15 The time-dependent OEP-SIC potential has the form, 14, 15 V sic,
where V ext (r,t) is the external potential due to the interaction of the electron with the external field, V N (r) is the electronnucleus interaction, V xc ͓ ␣ (r,t), ␤ (r,t)͔ is the exchangecorrelation potential, and
͑10͒
In Eqs. ͑9͒ and ͑10͒, V SIC, i and v i are averaged potentials that depend only on the time t and V SIC,
is to be set to zero when i is the highest occupied orbital. 14 -17 Equations ͑5͒-͑10͒ must be solved self-consistently.
Equation ͑5͒ is an initial value problem. The initial wave function is given by
where i (r) and ⑀ i are the eigenfunctions and eigenvalues of the time-independent OEP-SIC equation for the field-free case. 13 The initial ground state electronic density (r,0) ϵ(r)ϭ ͚ i i (r)* i (r), where the initial wave function i is determined by the solution of Eq. ͑5͒ at tϭ0,
͑12͒
where
and V SIC, (r)ϵV SIC, (r,0) as defined in Eqs. ͑7͒-͑10͒. The frequency-dependent induced density due to an external potential v ext (r,t)ϭEz cos(t) corresponding to an electric field E along the z axis is ␦͑r,͒ϭ
where ␦ (r,t) is the change in the electron density. It can be obtained from the OEP-SIC linear response function sic OEP (r,rЈ,) according to 13 
where V xc (r,) is the Fourier transform of V xc (r,t). Combining Eqs. ͑15͒ and ͑16͒, we get the integral equation,
and
In the adiabatic approximation, the differential is replaced by
The OEP-SIC linear response function in Eqs. ͑18͒ and ͑19͒ can be written in terms of the eigenfunctions and eigenvalues of Eq. ͑12͒ in the form sic, OEP ͑ r,rЈ, ͒
where n i and n j are the occupation numbers of the bound and continuum orbitals, and 
where ũ i ͑ t ͒ϭ ͵ i ͑ r,t ͓͒V sic ͑ r,t ͒Ϫv i ͑ r,t ͔͒dr. ͑28͒
Then Eq. ͑17͒ becomes where K ␣␣ and K ␣␤ are defined in Eqs. ͑18͒ and ͑19͒, respectively, and
where sic,i OEP ͑ r,rЈ, ͒ϭ͓ i * ͑ r͒ i ͑ rЈ͒G͑r,rЈ;⑀ i ϩ ͒ ϩ i ͑ r͒ i * ͑ rЈ͒G*͑rЈ,r;⑀ i Ϫ ͔͒.
͑31͒
Unlike the self-interaction correction expression introduced in calculations of the static polarizabilities of clusters, 18 the SIC potential is local for each spin.
The dynamic dipole polarizability at imaginary frequency i is given by ␣͑i͒ϭ2 ͵ ␦͑r,i͒zdr, ͑32͒ averaged over the direction of the z axis. ␦(r,i) is determined with Eq. ͑24͒. It further involves calculating sic, OEP (r,rЈ,) with Eq. ͑21͒ and obtaining ␦v sic, OEP (rЈ,) using Eq. ͑29͒. ␦v sic, OEP (rЈ,) appears in both the left-hand side ͑LHS͒ and right-hand side ͑RHS͒ of Eq. ͑29͒, we solve it self-consistently with the machine accuracy as the convergence criteria. Different LSDA and GGA xc potentials may be used to obtain (r,rЈ,) and ␦v. In the OEP-SIC formalism, the orbitals are obtained by solving Eqs. ͑12͒ and ͑13͒ and ␦v by solving Eq. ͑29͒. In a mixed LSDA-SIC approximation, the OEP-SIC orbitals are employed and ␦v is calculated by solving Eq. ͑17͒.
A generalized pseudospectral method 19 is used for the numerical calculations. A nonuniform spatial grid distribution is generated with a denser mesh near the origin. Many fewer grid points are needed compared to equal spatial distribution methods. The kinetic energy matrix elements take simple analytical forms and the potential energy matrix is diagonal in the coordinate representation. The convergence with respect to the number of grid points is exponential and high accuracy and efficiency are achieved.
The calculated polarizabilities at imaginary frequency i in all four approximations behave correctly at large frequencies, varying asymptotically as N/ 2 where N is the total number of electrons of the system.
III. RESULTS AND DISCUSSION
The van der Waals coefficient C 6 of the R Ϫ6 term of the interaction between neutral atoms at an internuclear distance R may be determined from the dynamic dipole polarizabilities ␣(i) of the atom, evaluated at imaginary frequencies i, from the formula
where a and b refer to the interacting species. An assessment of the accuracy with which we have determined C 6 Table I suggests a preference for the SIC formalism for which the error appears to be 13% for Be, 1% for Mg 5% for Ca, and 3% for Sr. Table II is a list of static dipole polarizabilities of the inert gas atoms and the alkali metal atoms. The inert gas atom polarizabilities are derived from experimental refractive index data 26 and the alkali metal atom polarizabilities are the results of elaborate variational 27 and many-body perturbation calculations 28 with errors of probably Ͻ1%. The SIC errors appear to be at most 8%. Table III is a comparison of the polarizabilities of group 13 and 14 atoms. The value measured for indium is 68.8 Ϯ8. 3. 29 There is some scatter in the earlier theoretical results and the values we recommend are correspondingly uncertain. They are consistent with SIC values to within an uncertainty of 10%. 34 The oscillator strength distribution for chromium is highly unusual [35] [36] [37] and is not captured well by the linear response TDDFT.
To calculate C 6 we evaluated the integral in Eq. ͑33͒ and corrected the resulting values for the pairs of like atoms by multiplying by the ratio of the recommended polarizability to the SIC values. In Tables VII and VIII we compare the corrected SIC values C 6 for the alkaline earth, inert gas, and alkali metal atoms with published values 23 that are believed to be the reliable to within an error of about 1%. The maximum difference occurs for beryllium for which it is 6%. It is less than 3% for the more complex atoms. For oxygen in group 16 the corrected value differs from the calculation of Rerat et al. by 2% which with the exception of chromium is a plausible estimate of the uncertainties in the corrected values presented in Table IX -XII for group 13-16 atoms. As noted earlier chromium is a special case and even with the correction our value of C 6 of 602 is much less than the semiempirical value of 755Ϯ45 obtained by Pavlovic et al.
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IV. CONCLUSION
We have explored methods, based on TDDFT, for calculating the dynamic polarizabilities of complex atoms and we have investigated their accuracy by comparing the resulting static polarizabilities to other experimental and theoretical values. We find that the TD-OEP-SIC approach provides an efficient and accurate procedure that is equally effective for closed and open shell systems. The van der Waals coefficient C 6 is a critical parameter in the determination of the collision properties and trap loss in gases at very low temperatures. They may be expressed as integrals over the dynamic dipole polarizabilities evaluated at imaginary frequencies. We calculated C 6 for pairs of transition metal and other complex atoms. By applying a small empirical correction factor, we obtain values of C 6 correct to within a probable error of 3%. 
